TWO characteristics distinguish glomerular ultrafiltration from transcapillary exchange in other organs: 1 ' 2 (1) the glomerulus almost completely excludes plasma proteins of the size of albumin and larger from its filtrate, and (2) the glomerular capillary wall exhibits an extraordinarily high permeability to water and small solutes. Up to 33% of intraglomerular plasma normally is converted into a virtually protein free filtrate. 2 Determinants of this process are: (1) properties of the filter and of the molecules filtered, (2) interactions of molecules and the filter, and (3) glomerular plasma flow and the balance of hydrostatic and osmotic forces across the filter according to Starling's hypothesis. This review will discuss the effects of filter structure, molecular properties, and filter-molecule interactions on glomerular filtration.
The Filtration Pathway
From the lumen outward, the glomerular capillary wall consists of three layers 3 (Fig. 1): (1) the endothelium, (2) the glomerular basement membrane (GBM), and (3) the epithelium. The endothelium is thin and attenuated, and traversed by multiple fenestrae, 500-1000 A in diameter. A cell surface coat, up to 120 A in thickness, covers endothelial plasma membranes, including those lining the fenestrae. 4 The GBM consists of a central electron dense layer, the lamina densa, and two relatively electron lucent peripheral layers, the lamina rara interna and externa. The lamina rara interna is subendothelial in location; the lamina rara externa is subepithelial. The epithelium is composed of podocytes and is covered by a cell coat up to 800 A in thickness. 4 Cytoplasmic "foot"-processes of adjacent podocytes interdigitate with one another and are anchored to the GBM. In between the foot processes are the filtration slits. The slits are completely filled by the epithelial cell coat, derived from contiguous foot process plasma membranes. 4 At their narrowest points, the slits measure 240 A in width and are bridged by flat single-layered membranes, 70 A thick, the filtration slit diaphragms.
According to ultrastructural tracer studies, 5 macromolecules are transferred across the glomerular filter through an extracellular route. In sequence, this pathway consists of (1) the endothelial fenestrae, partly narrowed by the endothelial cell coat, (2) the GBM, (3) the filtration slit diaphragms, and (4) the filtration slits, filled by the epithelial cell coat.
The Cell Coats and GBM
Cell coats are glycoprotein (and possibly glycolipid) surface extensions of the plasma membrane. 6 Ultrastructurally, they consist of branching networks of filamentous material; the filaments probably correspond to chains of sugar moieties that can be demonstrated by chemical analysis. In addition, most cell coats, including those in the glomerulus, are polyanionic. That epithelial and endothelial cell coats in glomeruli possess a strong net negative charge (Fig. lb) is revealed by their interaction with polycationic reagents to yield electron dense precipitates. 4 ' 7 ' 16 Histochemical studies have shown that the carboxyl groups of sialic acid (iVacetyl neuraminic acid) form the bulk of glomerular epithelial and endothelial cell coat anionic radicals. 8 " 11 The GBM is a network of 30-50 A wide fibrillar material. 3 The fibrils are closely packed in the lamina densa and much less so in the lamina rara interna and externa. The latter two layers are bridged by filaments that connect the lamina densa to endothelial and epithelial cells. Isolated GBM preparations contain cross-linked chains of glycopeptides with high carbohydrate content, and up to VOL. 43, No. 3, SEPTEMBER 1978 lOOnm _ ---_ " L R E - 2% (wt/wt) of sialic acid. 17 " 19 By biochemical fractionation, GBM has been found to contain relatively nonpolar collagen-like moieties, as well as noncollagen glycopeptides that are polyanionic due to a high content of sialic acid and aspartic acid. 17 " 19 When polyanions in the GBM are "stained" by polycationic reagents, they appear to be concentrated in the lamina rara interna and externa 4 ' 10 16,20,21 ( g ) g e a n t h a t t h e r e i g a spatial organization of GBM glycoprotein, the an-ionic glycopeptides being located in the laminae rarae and the more neutral chains in the lamina densa. Carbohydrate and anionic groups may be expected to confer upon the GBM and cell coats a high degree of hydration. The available data therefore indicate that the bulk of the filter matrix is composed of hydrated, polyanionic, glycoprotein polymers. In such gels, the pathways for water and solute transport are constituted by the hydrated 339 interior of the polymer matrix, in between the elongated, intertwining chains of the polymer. 22
Filtration Slit Diaphragms
Viewed en face from the filtration slits toward the capillary loop, the slit diaphragms may be seen as flat narrow ribbons bridging the gaps between foot processes. In such images, obtained after fixation with tannic acid-glutaraldehyde, the diaphragms exhibit elongated, central bars with rodlike subunits connecting the bars to the outer leaflets of foot process plasma membranes. 23 The bars, rods, and plasma membranes form the limiting boundaries of a double set of shallow repeating rectangular "pores" approximately 40 X 140 A. 23 The physical and chemical nature of the diaphragm and its subunits remains unknown.
Filtration of Macromolecules: Functional Studies
The Effect of Molecular Size The renal clearance of macromolecules relative to the glomerular filtration rate of water ("fractional clearance") decreases with increasing effective molecular radius (Einstein-Stokes radius or a e ) as long as other factors remain constant.' 12 ' 24 ' 25 Clearance curves of macromolecules obtained by plotting fractional clearances against molecular radii have been used to estimate the size of pores in the glomerular filter; the molecular radius at which the fractional clearance becomes zero may be taken as an approximation of pore size. However, these estimates have varied from the size of serum albumin (ae = 35.5 A), based on the clearance of proteins, to somewhat larger (40-60 A), based on the clearance of uncharged dextran and polyvinylpyrrolidone (PVP) molecules. 1 In view of the marked influence on glomerular permeability of molecular parameters other than size (see below), these estimates of pore size must necessarily be viewed with caution.
The Effect of Molecular Charge
Polyanionic glycoproteins in the filter may play a role in glomerular barrier function through electrophysical interaction with circulating macromolecules. 1 ' 8 ' 9
Clearance of Differently Charged Macromo lecules
It has been shown that the fractional clearances of negatively charged dextran sulfate molecules are much less than those of neutral dextrans of equal effective molecular radii over a wide size range, up to a* = 36 A. 26 Conversely, the clearances of positively charged DEAE dextrans are higher. 27 Similar findings were reported for the protein horseradish peroxidase. 28 The fractional clearance of cationic horseradish peroxidase (ae = 30 A; isoelectric point, pi = 8.4-9.2) is 5.7 times greater than that of neutral horseradish peroxidase of similar size (a e = 29.8 A; pi = 7.2-7.4) and 49 times that of negatively charged, succinylated peroxidase only 1.8 A larger in effective radius (ae = 32 A; pi < 4).
Alterations of Glomerular Polyanion and Glomerular Permeability in Proteinuric Disorders
Reduction of glomerular and GBM polyanion content is observed in experimental disease models characterized by glomerular leakage of albumin, such as aminonucleoside nephrosis, and nephrotoxic serum nephritis. 8 ' 29~33 That decreased glomerular polyanion is related to increased filtration of albumin (a polyanion) is suggested by the greater fractional clearances of negatively charged dextran sulfates, but not neutral dextrans, in both aminonucleoside nephrosis and nephrotoxic-serum nephritis. 32 ** Reduction of glomerular polyanion occurs also in human lipoid nephrosis, 35 a disease characterized by albuminuria.
The Effect of Molecular Shape
The glomerular filter appears to be more permeable to linear flexible molecules, such as dextran and PVP, than to proteins. Renal clearances of dextrans and PVP are considerably greater than those of proteins of equivalent molecular radii, even up to 10 times. 1 One factor that may explain this paradox is molecular charge (see above). Native dextrans and PVP are uncharged, whereas proteins have a net charge, usually negative. Filtered proteins are reabsorbed to some extent by the tubules; dextrans are not reabsorbed to any significant degree. 26 ' 27 Thus, the clearances of proteins, as measured by urinary excretion, are underestimates of their actual filtration rates through the glomeruli. However, other factors also may be operative. Clearances of neutral horseradish peroxidase (ae = 29.8 A; pi = 7.2-7.4) and negatively charged succinylated horseradish peroxidase (ae = 31.8 A; pi < 4), corrected for tubular reabsorption, 28 are 9 and 7.1 times smaller than corresponding values for 30 A neutral dextran and 32 A negatively charged dextran sulfate, 26 respectively. Dextrans and PVP are linear flexible polymers and form loose random coils of hydrated spheres in free solution, the state in which their effective molecular radii are calculated. 36 Such polymers are, however, vulnerable to deforming forces, and may unfold and assume an elongated configuration. 37 The forced movement of flexible linear molecules through gels in vitro is facilitated compared to that of globular molecules with similar effective radii. 38 This effect has been attributed to end on, "worm-like" movements, or "reptation" of molecules within the network of the gel. 3839 It has been suggested that facilitation of dextran and PVP filtration through the glomerular filter matrix may partly be explained, using a similar 340 CIRCULATION RESEARCH VOL. 43, No. 3, SEPTEMBER 1978 analogy, by deformation and uncoiling of the molecules during transit. 1 Such unfolding is not expected to occur in protein molecules, in which folded polypeptide chains are rigidly cross-linked.
The Effect of Hemodynamic Factors and Filtration Flux
Glomerular permeability to macromolecules is also influenced by the dynamics of water flux across the filter. Fractional clearances of macromolecules show an inverse relationship to the glomerular filtration rate (GFR). lf2>24 Thus, the fractional clearance of a molecule tends to decrease with a rising GFR, although absolute clearance is increased; 1 ' 2> 24 at low rates of filtration, the fractional clearance tends to rise toward unity, although absolute clearance is decreased. 2440 ' 41 Since the GFR is in part determined by the effective filtration pressure across the capillary wall and glomerular plasma flow, it follows that glomerular hemodynamics exert a functional constraint on glomerular transport of macromolecules. With reduction of glomerular plasma flow and/or effective filtration pressure, GFR is also reduced; this is accompanied by a greater movement of macromolecules across the filter, relative to water filtration. The underlying mechanisms have been reviewed elsewhere. 2
Filtration of Macromolecules: Mechanisms of Barrier Function
Theoretical considerations suggest that the major restrictive barrier in the glomerular filter, as in artificial ultrafiltration systems, must be located proximally with respect to filtration. 42 Mammalian glomeruli exhibit high rates of water flux, and solute movement is determined both by convection (due to bulk flow) and diffusion; diffusion assumes a lesser role as molecular size approaches that of albumin. 2 Thus, if the "skin" of the filter were to be placed distally (i.e., in the filtration slits), large molecules driven by bulk flow might be expected to accumulate as unstirred layers within the filter (for example, as shown in Fig. 2c ) and progressively impair filtration efficiency. 42 Thus, in a working glomerular filter, the bulk of excluded macromolecules should be rejected from the filter at or near its most upstream surface. 42 Ultrastructural studies suggest that this is in fact true for plasma proteins. 43 ' ** Proximally located filter elements appear Charge fcttects tion that the capillary endothelium, by virtue of the size and number of its fenestrae, regulates the access of molecules to the GBM, and that the GBM is the main filtering element. 45 Subsequent tracer studies with dextrans of graded molecular size have suggested that the GBM is the primary restrictive structure for these uncharged sugar polymers also. 48 However, results with a basic protein, myeloperoxidase (ae = 44 A; pi = 10) appeared to provide evidence that the principal barrier to macromolecules is located distally in the filter, in the filtration slits. 5 The ultrastructural images obtained with myeloperoxidase suggested that this protein enters and penetrates the GBM rather readily but is restricted to a large extent distally and accumulates in the filtration slits. 5 Similar findings were obtained with another basic protein, lactoperoxidase (ae = 36 A; pi = 8). 49 Both proteins, although larger than albumin, enter the urinary space to some extent. 5 ' 49 The results with the basic proteins, myeloperoxidase and lactoperoxidase, may be contrasted with those obtained with a relatively neutral protein, horseradish peroxidase (a<. = 30 A; pi of the main isozyme = 7.2-7.4) and an anionic protein, catalase (a e = 52 A; pi = 5.7). With both tracers, gradients of tracer concentration across the GBM could be detected. 46 ' 47 Horseradish peroxidase, a molecule slightly smaller than albumin, entered the urinary space through the filtration slits. 46 Catalase, although restricted by the GBM, penetrated to some extent beyond the lamina densa of the GBM but could not be detected in the urinary space. 4647 These results appear consistent with a role for the filtration slits in barrier function in addition to the GBM. 46 ' 47 It may be noted that the filtration behavior of catalase is more comparable to that of anionic ferritin than the basic proteins, myeloperoxidase and lactoperoxidase. Both catalase and ferritin penetrate the GBM to some extent, and although smaller in size than the width of the filtration slits (240 A), and larger than the pores in the slit diaphragms (40 X 140 A), these anionic molecules do not accumulate in the area of the slits. 13 ' 45 " 47 ' M The apparent anomaly in the filtration behavior of anionic and cationic proteins may be explained by electrophysical interactions between macromolecules and the filter. 13 ' 15 ' w to play important roles in the restriction of other anionic and uncharged macromolecules also (see below). 45 " 48 When native anionic ferritin molecules (au = 61 A; pi = 4.1-4.7) are injected intravenously in rats and localized ultrastructurally in the glomerulus, they enter the subendothelial layer of the GBM from the capillary lumen through endothelial fenestrae; however, very few molecules penetrate the lamina densa of the GBM or the more distal layers of the filter. 45 These observations led to the sugges-The effect of molecular charge on glomerular permeability has been studied under controlled conditions using differently charged ferritin molecules. 13 ' 50 The spherical, anionic protein ferritin (ae = 61 A; pi = 4.1-4.7) is electron dense and may be cationized to yield molecules with different isoelectric points. In the perfused kidney and in vivo, permeability of the endothelium and GBM to ferritin rises with an increasing isoelectric point. 13 4.1-4.7) is present in the capillary lumen, and a few molecules in the lamina rara interna of the GBM. Only a rare particle penetrates the total thickness of the GBM. RBC = red blood cell. 65,000 X. b: Cationized ferritin (pi = 6. 3-8.4 ) is present in the capillary lumen in the same concentration as that shown for anionic ferritin in a, but penetrates the total thickness of the GBM in greatly increased amounts. Note that tracer particles are also present in phagocytic vacuoles in the epithelial cells (arrows). RBC = red blood cell. 65,000 X.
R B C FIGURE 3 Electron micrographs of superficial glomeruli from Munich-Wistar rats injected with anionic (a) or cationized (b) ferritins and fixed after 15 minutes by the dripping of formaldehyde-glutaraldehyde fixative on the surface of kidneys, a: Anionic ferritin (pi =
filter, very few molecules being found within its substance; of these few, most are in the subendothelial layer of the GBM (Figs. 2a and 3a) . Cationic molecules penetrate the filter in greatly increased numbers (Figs. 2b, 2c, and 3b ). Strongly cationized molecules, like myeloperoxidase,°accumulate in the area of the slits (Fig. 2c ).
Hemodynamic Effects
The effects of blood flow on the glomerular filtration of albumin and immunoglobulin G have been investigated morphologically. 43 ' 44 These molecules were demonstrated in superficial glomeruli of the Munich-Wistar rat by an immunoperoxidase tech-nique. Glomeruli were prepared for electron microscopy under two sets of conditions, i.e., (1) during normal blood flow, by application of fixative to the surface of kidneys in vivo, and (2) after cessation of blood flow caused either by renal artery ligation or excision of kidneys from the body prior to fixation. Plasma proteins, visualized ultrastructurally, remain on the luminal side of the GBM in normal kidneys fixed in vivo; with cessation of blood flow, there is increased glomerular permeability to the molecules. Restoration of blood flow (by releasing the renal artery occlusion) is attended by return of barrier function. 43 -44 These studies have suggested that the dynamics of glomerular blood flow impose a functional constraint on the transport of plasma proteins through the filtering membrane.
The Primary Barrier
The relative roles played by structural barriers in glomerular barrier function have been the subject of previous reviews. 51 " 53 The information obtained since then indicates that the glycoprotein matrix of the capillary wall, constituted in continuity by the cell coats and GBM, may be viewed as the main filtering element. Molecules penetrate into or are excluded from this filter matrix on the basis of molecular charge, as well as size and shape. The dynamics of glomerular blood flow and filtration exert a further overall influence on permeability.
The Filtering Membrane as a Polyanionic Gel: A Theory of Glomerular Permeability
The filtering membrane may be viewed as a gel matrix composed of a network of fibers or fibrils (glycopeptide chains) with a hydrated interior of finite but as yet unknown spatial configuration and dimensions. This interior represents the pores of the matrix. Ionized carboxyl groups impart a polyanionic character to the gel.
Isolated GBM preparations are able to partition solute molecules between water compartments in their interior and exterior. Thus, like porous beads in a sephadex column, they include or exclude solute molecules from their framework according to size. 54 " 56 To this property of glomerular extracellular matrix must be added the ability to discriminate between molecules of different net charge. Thus, in their effects, the GBM and cell coat matrices may be compared to negatively charged ion exchange gels like sulfopropyl or carboxymethyl Sephadex that are able to separate molecules both on the basis of size and charge under proper conditions. The possible mode of action of such a polyanionic gel in a model capillary membrane is illustrated in Figure 4 .
In this diagrammatic representation, large molecules are excluded from the matrix and the filtrate, on steric ground alone, irrespective of charge-based repulsion or attraction. Entry into the gel of molecules smaller than the pores is governed by charge interactions as well as the disparity between molec- Molecules are driven axially along the capillary lumen by the flow of solvent (horizontal arrow). Net driving pressure (vertical arrow) results in filtration across the membrane. Circles with negative signs, no signs, and positive signs represent molecules with negative net charge, zero net charge, and positive net charge, respectively. The polymer membrane is shown as a framework of rods, with a negatively charged internal environment due to fixed anionic radicals. Very large molecules, shown on the right, are excluded due to spatial restriction. Intermediate-sized molecules, shown in the middle, suffer restriction due to both charge-and size-dependent interactions. Both positively charged molecules that are attracted to the polymer and uncharged molecules can penetrate the internal environment of the capillary membrane and enter the filtrate. On the other hand, the pores of the internal environment of the polymer are functionally narrowed by fixed negative charges for anionic molecules which are thus excluded. Very small molecules can enter the polymer network regardless of charge, but repulsive or attractive forces reduce or facilitate the rate of movement, and thus the quantities filtered. ular size and available space. Intermediate-sized molecules that are neutral or cationic are able to penetrate the filter, whereas polyanionic solutes are excluded due to functional narrowing of the pores within the matrix by the electrostatic field generated by the polyanion. Charge interactions are more important than steric restriction in determining the entry of the smallest molecules into the gel matrix and the filtrate. Consequently, in a system of the type shown, electrostatic forces act in a direction opposite to that of solvent drag and either reject anionic molecules from the filter or facilitate their back diffusion into the perfusate. Fluid shear parallel to the filter wall would then aid in the onward transit of solute away from the filter. As a corollary, attractive forces facilitate the convective movement of cationic macromolecules toward the filter and the filtrate. An analogy may be drawn to the behavior of anionic solute molecules in synthetic gel systems. 22 ' 57 Bonding of the anionic dye Congo red to gelatin membranes decreases their permeability 344 CIRCULATION RESEARCH VOL. 43, No. 3, SEPTEMBER 1978 to albumin; conversely, neutralization of Congo redtreated membranes by the polycation protamine enhances their permeability. 57 Partitioning of albumin between buffer solutions and beads of chondroitin sulfate or hyaluronate gels in chromatographic columns is influenced by electrophysical effects. 22 At pH values when both solute and gel are ionized and thus negatively charged, albumin elutes with the void volume signifying nonentry into the gel; as the buffer pH is progressively reduced, elution of albumin from the column also is retarded, indicating charge-based interaction between solute and gel. 22
Role Played by the Slit Diaphragms and Glomerular Epithelium
The considerations presented in the preceding sections are not inconsistent with a secondary role for glomerular elements other than the primary filter in the restrictive process. Tracer experiments reveal that a few molecules of anionic catalase and ferritin penetrate the full thickness of the filter up to the filtration slits, but not beyond into the urinary space. 13 ' 45~47 ' m Molecules of cationized ferritin with high isoelectric point penetrate the GBM but cannot be detected in the urinary space beyond the slits; the level of restriction corresponds to the location of the diaphragms (see Fig. 2c ). That the diaphragm could be a mechanical barrier is also supported by the following: (1) the dimensions of the rectangular pores within its substance approximate those of the albumin molecule; 23 (2) when ferritin molecules are introduced into the Bowman's space under stop flow conditions, they are unable to permeate the epithelium in a retrograde direction and encounter restriction at the level of the slit diaphragms; 58 and (3) glomeruli of the bullfrog Rana catesbeiana have poorly developed GBM, but possess filtration slit diaphragms similar to those in mammals. 59 Intravenously injected anionic ferritin molecules penetrate the GBM in bullfrog glomeruli with relative ease, but their filtration is retarded by the slit diaphragms. 59 In ultrastructural tracer studies, ferritin and dextran molecules that penetrate the GBM to reach the distal layers of the filter were shown to appear in basal plasma membrane invaginations of epithelial foot processes, as well as free vesicles within foot processes and cell bodies. 45 ' 48> x By subsequent fusion with lysosomes, the endocytotic vesicles become phagolysosomes within which ingested material undergoes metabolic degradation. Studies with cationized ferritins have shown that epithelial uptake is greater with rising isoelectric point of the protein. 50 This may be related to (1) the larger numbers of cationic, as opposed to anionic, protein molecules that reach the epithelium, and/or (2) a greater susceptibility of cationic molecules to endocytotic uptake.
Glomerular Permeability to
Macromolecules: A Summary Figure 5 summarizes the current evidence with regard to glomerular filtration of macromolecules. The bulk of restriction takes place at the level of the endothelium and GBM. The GBM excludes solute through steric hindrance as well as charge effects; the structural pores within the glycoprotein gel are narrowed functionally for polyanionic solute by ionized carboxyl groups. Exclusion is greater with increasing molecular size for both uncharged and charged solutes, but for molecules of the same size, polyanions are selectively restricted, and long, flexible molecules are filtered to a greater extent. Regardless of charge, the barrier function is further influenced by the dynamics of blood flow and filtration. Molecules that penetrate the filter beyond the lamina densa of the GBM encounter restriction at FIGURE 5 Schematic representation of filtration barriers and glomerular permeability to macromolecules. The capillary wall is pictured as illustrated in Figure 1 . Filtration of large molecules (prototype ferritin) that are excluded from the urinary space is shown to the left. The bulk of large anionic molecules is restricted by the proximal layers of the filter with very few molecules penetrating the full thickness of the GBM. For neutral and cationic molecules, permeability is progressively enhanced. All molecules that reach the distal layers of the filter suffer absolute restriction at the filtration slits regardless of charge and are phagocytosed by the epithelial cells. For smaller, filterable molecules (prototype horseradish peroxidase, shown at the right), the intraglomerular barriers have not been defined precisely (dotted lines), but qualitatively are presumed to be the same as those that apply for large molecules. For the same size, the rate of filtration into the urinary space is least for anionic, intermediate for neutral, and greatest for cationic molecules. the filtration slits by slit diaphragms and/or electrophyical forces generated by the epithelial glycocalyx. Solutes retained by either of these mechanisms are phagocytosed by epithelial cells and incorporated into lysosomes. The resultant glomerular filtrate is virtually free of Plasma proteins as a result of the concerted action of different elements in the glomerular filter.
Glomerular Permeability to Water and
Small Solutes Glomerular water permeability is described by a functional term, the ultrafiltration coefficient (hydraulic conductivity X filtration surface area). Since there is no measurable restriction to normal glomerular transport of solutes as large as inulin, 1 ' 2 water and small solute permeability may be considered together. The ultrafiltration coefficient decreases significantly in some states of reduced glomerular filtration. 32 ' **• 6°-63 Unfortunately, the structural basis for normal and altered glomerular permeability to water has been hard to define, in part due to technical problems in tissue preservation for electron microscopy. However, an attempt has been made in Table 1 to enumerate theoretical structural factors that might modulate glomerular water and small solute transport.
First, glomerular water transport is influenced by the area of capillary wall exposed to plasma flow. This area, in normal perfusion-fixed glomeruli, may be taken as the aggregate surface area of the peripheral basement membrane (as opposed to GBM adjoining mesangial areas), computed to be 0.184 ± 0.011 mm 2 per glomerulus in the rat. 64 This figure may be diminished by (1) capillary obstruction by thrombi or cellular infiltrates, (2) contraction of glomeruli by vasoactive agents, for example, angiotensin II, 65 and (3) redistribution of intraglomerular blood flow to preferential "shunt" channels, presumably by mesangial cell contraction, thereby short-circuiting the peripheral capillary loops. 66 Second, the specific hydraulic conductivity of the capillary wall is determined by the sum of the resistances offered by different structures along the filtration pathway. It would thus be governed by the characteristics and geometry of these filter elements. Since transcellular as opposed to extracellular water transport can be assumed to be negligible in normal glomerular capillaries, 64 diminution of water permeability may occur as a result of alteration in any one element in the glomerular filter. (1) There may be a reduction in the number or size of endothelial fenestrae. (2) Shifts in local pH or ionic environment due to glomerular pathology may cause decreased hydration of the GBM matrix with consequent reduction in pore size. (3) The GBM may interact with macromolecules with an affinity for its matrix, causing clogging of the filter. Thus, fixation of antibodies to the GBM is associated with a reduction in the ultrafiltration coefficient. 60 (4) There may be alterations in the integrity or porosity of the filtration slit diaphragm. It was recently suggested on the basis of stereological analysis that the aggregate area occupied by the pores in the slit diaphragms is a major determinant of glomerular water permeability. 64 (5) The area occupied by the filtration slits may be reduced. This occurs in nephrotic states due to flattening of epithelial foot processes over the GBM and, in rat aminonucleoside nephrosis, is accompanied by a markedly decreased ultrafiltration coefficient. 34 Similar findings are seen in some models of acute renal failure. 62 A controlling role for the epithelial cells in glomerular permeability has been proposed. 67 It has been shown that a decrease of glomerular polyanion is a pathogenetic factor in the development of epithelial foot process abnormalities. Perfusion of kidneys with polycations led to neutralization of glomerular polyanion and rapidly caused flattening of foot processes. 16 ' M Reperfusion of the kidneys with heparin led to a partial reversal of the epithelial defect. 16 ' 68 Thus, glomerular polyanion may be a determinant, not only of protein transport, 13 ' 26~28 ' 50 but indirectly, of water permeability as well, through regulation of epithelial foot process configuration.
In conclusion, the recent morphological and functional studies of glomerular permeability clearly indicate that factors in addition to molecular size determine the filtration of macromolecules. The capillary wall is a negatively charged structure and the effect of molecular charge on permeability has been shown conclusively. Molecular shape also probably plays a role. Further, macromolecular filtration is influenced by the dynamics of water filtration. Although the basis for protein permeability is now better understood, that for water permeability and altered glomerular function in disease needs further study.
